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1
METHOD AND APPARATUS FOR
INTERFERENCE CANCELLATION IN
HYBRID SATELLITE-TERRESTRIAL
NETWORK

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims priority under 35 U.S.C. §119(e) to
U.S. provisional application No. 61/597,993, filed on Feb. 13,
2012, the entire contents of which is incorporated herein by
reference.

BACKGROUND

A single frequency network (SFN) is a broadcast network
in which several transmitters simultaneously transmit the
same signal over the same frequency channel. One type of
conventional SFN is known as a hybrid satellite-terrestrial
SFN. An example hybrid SFN is defined in the Digital Video
Broadcasting (DVB) standard “Framing Structure, channel
coding and modulation for Satellite Services to Handheld
devices (SH) below 3 GHz,” ETSI EN 302 583 V1.1.2 (Feb-
ruary 2010).

In these types of networks, the terrestrial transmitter usu-
ally needs certain information that is contained in the satellite
signal in order for the terrestrial transmitter to generate and
transmit the terrestrial signal properly.

In a conventional hybrid satellite-terrestrial network, such
as a Digital Video Broadcasting Satellite Services to Hand-
held devices (DVB-SH) SFN, if the satellite signal and ter-
restrial signal are transmitted in identical (or alternatively
adjacent) frequency bands, then required satellite informa-
tion cannot be recovered from the satellite signal using a
receiving antenna situated relatively close to the location of
the terrestrial transmitter due to radio-frequency (RF) inter-
ference caused by the terrestrial transmitter. Consequently, at
the site of a terrestrial transmitter, the satellite signal is often
too weak relative to the signal from the terrestrial transmitter
to be decoded for recovery of the required satellite informa-
tion directly from the over-the-air (OTA) signal received on
site. Because of this, the required information about the sat-
ellite signal is obtained at a location remote to the terrestrial
transmitter, and transmitted to the site of the terrestrial trans-
mitter via some other network. This other network is some-
times referred to as an “auxiliary” network. However, auxil-
iary networks such as these can be relatively expensive and/or
inaccurate.

SUMMARY

At least some example embodiments provide methods and
apparatuses for interference cancellation in a hybrid satellite-
terrestrial network. In at least one example embodiment, ini-
tially the terrestrial transmitter does not transmit a signal.
Therefore, the terrestrial transmitter does not cause interfer-
ence to the satellite signal component/portion of a composite
over-the-air (OTA) signal. Thus, the satellite receiver is able
to decode the satellite signal component of the OTA signal,
and provide required satellite information to the terrestrial
transmitter for transmitting the terrestrial signal.

The terrestrial transmitter is then turned on and the output
power is gradually increased. With relatively low power inter-
ference from the terrestrial transmitter, the composite OTA
signal has a satellite signal portion that is strong enough for
the required satellite information carried by the satellite sig-
nal portion to be decoded by the satellite receiver. Thus, the
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2

terrestrial transmitter can continue using the required infor-
mation from the decoded satellite signal when transmitting
the terrestrial signal.

At the same time, the composite OTA signal is processed
by the interference cancellation block to detect the timing,
phase, amplitude, frequency offset, and other channel char-
acteristics of the terrestrial signal portion. With timing, phase,
amplitude and other channel characteristics of the terrestrial
signal portion, plus the required satellite information from the
satellite signal decoder, or otherwise available on site, the
interference cancellation block generates a modified version
of the terrestrial signal portion of the received OTA signal as
an interference cancellation signal.

The interference cancellation signal is combined with the
composite OTA signal to suppress interference caused by the
terrestrial transmitter at the satellite receiver so that the sat-
ellite signal decoder is able to continue to receive a relatively
clean satellite signal portion from which to extract required
satellite information.

As the output power of the terrestrial transmitter increases,
the interference cancellation block continues to detect and
track the timing, phase, amplitude and other channel charac-
teristics of the terrestrial signal portion to generate the inter-
ference cancellation signal so that interference caused by the
terrestrial transmitter is suppressed, or significantly attenu-
ated. Accordingly, a relatively clean satellite signal compo-
nent is input to the satellite signal decoder (e.g., continuously
at all times).

At least one example embodiment provides a method for
cancelling interference caused by a terrestrial transmitter at a
satellite receiver in a hybrid satellite-terrestrial network.
According to at least this example embodiment, the method
includes: generating, at the satellite receiver, an interference
cancellation signal based on a reference terrestrial signal
from the terrestrial transmitter and a received over-the-air
(OTA) signal, the interference cancellation signal being a
modified version of the reference terrestrial signal; and can-
celling, at the satellite receiver, the interference caused by the
terrestrial transmitter by combining the interference cancel-
lation signal with the received OTA signal.

At least one other example embodiment provides a satellite
receiver. According to at least this example embodiment, the
satellite receiver includes an interference cancellation block
and a combiner. The interference cancellation block is con-
figured to generate an interference cancellation signal based
ona reference terrestrial signal from the terrestrial transmitter
and a received over-the-air (OTA) signal. The interference
cancellation signal is a modified version of the reference
terrestrial signal. The combiner is configured to combine the
interference cancellation signal with the received OTA signal
to cancel interference caused by a terrestrial transmitter in a
hybrid satellite-terrestrial network.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood
from the detailed description given herein below and the
accompanying drawings, wherein like elements are repre-
sented by like reference numerals, which are given by way of
illustration only and thus are not limiting ofthe present inven-
tion.

FIG. 1 illustrates a portion of a hybrid satellite and terres-
trial network;

FIG. 2 is a block diagram illustrating an example embodi-
ment of a terrestrial transmitter and a satellite receiver in more
detail,
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FIG. 3 is a block diagram illustrating an example embodi-
ment of the interference cancellation block shown in FIG. 2;

FIG. 4 is a flow chart illustrating an example embodiment
of'a method for interference cancellation in a hybrid satellite-
terrestrial network; and

FIG. 5 is a block diagram illustrating another example
embodiment of a terrestrial transmitter and a satellite receiver
in more detail.

It should be noted that these figures are intended to illus-
trate the general characteristics of methods, structure and/or
materials utilized in certain example embodiments and to
supplement the written description provided below. These
drawings are not, however, to scale and may not precisely
reflect the precise structural or performance characteristics of
any given embodiment, and should not be interpreted as
defining or limiting the range of values or properties encom-
passed by example embodiments. The use of similar or iden-
tical reference numbers in the various drawings is intended to
indicate the presence of a similar or identical element or
feature.

DETAILED DESCRIPTION OF EMBODIMENTS

Various example embodiments of the present invention
will now be described more fully with reference to the accom-
panying drawings in which some example embodiments of
the invention are shown.

Detailed illustrative embodiments of the present invention
are disclosed herein. However, specific structural and func-
tional details disclosed herein are merely representative for
purposes of describing example embodiments of the present
invention. This invention may, however, may be embodied in
many alternate forms and should not be construed as limited
to only the embodiments set forth herein.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first element could be termed a second element,
and, similarly, a second element could be termed a first ele-
ment, without departing from the scope of example embodi-
ments of the present invention. As used herein, the term
“and/or,” includes any and all combinations of one or more of
the associated listed items.

It will be understood that when an element is referred to as
being “connected,” or “coupled,” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected,” or “directly
coupled,” to another element, there are no intervening ele-
ments present. Other words used to describe the relationship
between elements should be interpreted in a like fashion (e.g.,
“between,” versus “directly between,” “adjacent,” versus
“directly adjacent,” etc.).

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments of the invention. As used
herein, the singular forms “a,” “an,” and “the,” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises,” “comprising,” “includes,” and/or “includ-
ing,” when used herein, specify the presence of stated fea-
tures, integers, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, and/or groups thereof.
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It should also be noted that in some alternative implemen-
tations, the functions/acts noted may occur out of the order
noted in the figures. For example, two figures shown in suc-
cession may in fact be executed substantially concurrently or
may sometimes be executed in the reverse order, depending
upon the functionality/acts involved.

Specific details are provided in the following description to
provide a thorough understanding of example embodiments.
However, it will be understood by one of ordinary skill in the
artthat example embodiments may be practiced without these
specific details. For example, systems may be shown in block
diagrams in order not to obscure the example embodiments in
unnecessary detail. In other instances, well-known processes,
structures and techniques may be shown without unnecessary
detail in order to avoid obscuring example embodiments.

Also, it is noted that example embodiments may be
described as a process depicted as a flowchart, a flow diagram,
a data flow diagram, a structure diagram, or a block diagram.
Although a flowchart may describe the operations as a
sequential process, many of the operations may be performed
in parallel, concurrently or simultaneously. In addition, the
order of the operations may be re-arranged. A process may be
terminated when its operations are completed, but may also
have additional steps not included in the figure. A process
may correspond to a method, a function, a procedure, a sub-
routine, a subprogram, etc. When a process corresponds to a
function, its termination may correspond to a return of the
function to the calling function or the main function.

Moreover, as disclosed herein, the term “buffer” may rep-
resent one or more devices for storing data, including random
access memory (RAM), magnetic RAM, core memory, and/
or other machine readable mediums for storing information.
The term “storage medium” may represent one or more
devices for storing data, including read only memory (ROM),
random access memory (RAM), magnetic RAM, core
memory, magnetic disk storage mediums, optical storage
mediums, flash memory devices and/or other machine read-
able mediums for storing information. The term “computer-
readable medium” may include, but is not limited to, portable
or fixed storage devices, optical storage devices, wireless
channels and various other mediums capable of storing, con-
taining or carrying instruction(s) and/or data.

Furthermore, example embodiments may be implemented
by hardware, software, firmware, middleware, microcode,
hardware description languages, or any combination thereof.
When implemented in software, firmware, middleware or
microcode, the program code or code segments to perform the
necessary tasks may be stored in a machine or computer
readable medium such as a storage medium. A processor(s)
may perform the necessary tasks.

A code segment may represent a procedure, a function, a
subprogram, a program, a routine, a subroutine, a module, a
software package, a class, or any combination of instructions,
data structures, or program statements. A code segment may
be coupled to another code segment or a hardware circuit by
passing and/or receiving information, data, arguments,
parameters, or memory contents. Information, arguments,
parameters, data, etc. may be passed, forwarded, or transmit-
ted via any suitable means including memory sharing, mes-
sage passing, token passing, network transmission, etc.

As discussed herein, the notation “x(t),” “y(t)” and “z(t)”
refer to signals that have been processed with appropriate
radio frequency (RF) modulation (e.g., orthogonal frequency
division multiplexing (OFDM) modulation or the like) for
transmission/reception over-the-air. By contrast, the notation

“X,. “y,” and “z,” refer to digital signals including frames

725
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and/or blocks of samples. The digital signals “x,,” “y,” and
“z,” are digital representations of the corresponding RF sig-
nals x(t), y(t) and z(t).

As described herein, x(t) refers to a satellite signal (some-
times referred to herein as an “analog satellite signal”),
whereas y(t) refers to a terrestrial signal (sometimes referred
to herein as an “analog terrestrial signal” or “reference ter-
restrial signal”). A combination or composite of the satellite
signal x(t) and the terrestrial signal y(t) is referred to as an
over-the-air (OTA) composite signal z(t). In some instances,
the over-the-air (OTA) composite signal z(t) is referred to as
an “analog OTA composite signal,” an “OTA signal,” and/or a
“composite signal.”

At least one example embodiment provides a method for
cancelling interference caused by a terrestrial transmitter at a
satellite receiver in a hybrid satellite-terrestrial network.
According to at least this example embodiment, the satellite
receiver generates an interference cancellation signal based
on areferenceterrestrial signal from the terrestrial transmitter
and a received over-the-air (OTA) signal. The interference
cancellation signal is a modified version of the reference
terrestrial signal. The satellite receiver then cancels the inter-
ference caused by the terrestrial transmitter by combining the
interference cancellation signal with the received OTA signal.

Atleast one other example embodiment provides a satellite
receiver. According to at least this example embodiment, the
satellite receiver includes an interference cancellation block
and a combiner. The interference cancellation block is con-
figured to generate an interference cancellation signal based
on areferenceterrestrial signal from the terrestrial transmitter
and a received over-the-air (OTA) signal. The interference
cancellation signal is a modified version of the reference
terrestrial signal. The combiner is configured to combine the
interference cancellation signal with the received OTA signal
to cancel interference caused by a terrestrial transmitter in a
hybrid satellite-terrestrial network.

FIG. 1 illustrates a portion of a hybrid satellite and terres-
trial network.

Referring to FIG. 1, data is provided from a network (not
shown), then to the mobile receiver 104 via a terrestrial signal
y(t) transmitted by the terrestrial transmitter 222 over a wire-
less link. A satellite signal x(t) carrying the same data is
transmitted from the network to the satellite 108, and then to
the mobile receiver 104.

The signals x(t) and y(t) are derived from, and carry, sat-
ellite information. The satellite information may include pay-
load data, which is data to be provided/transmitted to the
mobile receiver 104. In one example, the payload data may
include, for example, multimedia content (e.g., voice, video,
pictures, etc.) as well as signal transmission or channel char-
acteristic information (e.g., frequency and timing offset infor-
mation).

As mentioned above, in a hybrid satellite and terrestrial
network, such as that shown in FIG. 1, the terrestrial trans-
mitter 222 requires information regarding the satellite signal
received via the satellite 108 in order to function coherently
with the satellite portion of the network. To provide this
information, a satellite receiver 102 is located relatively close
to the terrestrial transmitter 222. In at least one example
embodiment, the satellite receiver 102 may be co-located
with the terrestrial transmitter 222.

In conventional satellite radio networks, a satellite receiver
is co-located with a terrestrial transmitter. In one example, the
satellite receiver discussed herein replaces the conventional
satellite receiver in conventional satellite radio networks.

In a conventional Digital Video Broadcasting Satellite Ser-
vices to Handheld devices (DVB-SH) network, there is no
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satellite receiver co-located with the terrestrial transmitter.
According to at least some example embodiments, a satellite
receiver is added at the site of the terrestrial transmitter so that
the satellite receiver and the terrestrial transmitter are co-
located with one another.

An example embodiment of the satellite receiver 102 and
the terrestrial transmitter 222, as well as their interaction with
one another, will be discussed in more detail below with
regard to FIGS. 2 through 4.

FIG. 2 is a block diagram illustrating an example embodi-
ment of the satellite receiver 102 and the terrestrial transmit-
ter 222 in more detail. FIG. 4 is a flow chart illustrating
example operation of the satellite receiver 102 and terrestrial
transmitter 222 shown in FIG. 2. The method shown in FIG.
4 is an example embodiment of a method for interference
cancellation. For example purposes, the satellite receiver 102
and the terrestrial transmitter 222 will be described with
regard to the method shown in FIG. 4 and vice-versa.

In addition to the functions/acts described herein, it should
be understood that the satellite receiver 102 and the terrestrial
transmitter 222 are also capable of performing conventional,
well-known functions of conventional satellite receivers and
terrestrial transmitters in a hybrid satellite-terrestrial net-
work. Because such functions are well-known in the art, a
detailed discussion is omitted.

Referring to FIGS. 2 and 4, initially, at step S400 the
terrestrial transmitter 222 sets the transmission (or output)
power of the terrestrial signal y(t) from the terrestrial trans-
mitter antenna 2220 to zero. In this initial iteration of the
process shown in FIG. 4, the terrestrial transmitter 222 does
not transmit the terrestrial signal y(t). As a result, the satellite
receiver antenna 201 of the satellite receiver 102 receives the
satellite signal x(t) without interference from the terrestrial
transmitter 222.

At step S404, the satellite receiver 102 processes the com-
posite OTA signal z(t) and extracts satellite information. In
this example, the satellite information includes payload data
SAT _SIG_PAYLOAD. The payload data SAT_SIG_PAY-
LOAD may include, for example, multimedia content (e.g.,
voice, video, pictures, etc.).

Still referring to step S404, in more detail the radio fre-
quency (RF) filter 202 filters the received composite OTA
signal 7(t) to remove out of band noise and interference. The
combiner 204 combines (adds or sums) the filtered composite
OTA signal z(t) with an interference cancellation signal
VzsA(t) from the interference cancellation block 224. In this
initial iteration, the interference cancellation signal y zs,(t) is
also zero because the transmission power at the terrestrial
transmitter 222 is zero. Thus, the combined signal output
from the combiner 204 is essentially the received satellite
signal x(t) from the RF filter 202.

A low noise amplifier (LNA) 206 amplifies the combined
signal, and outputs the amplified combined signal to a down-
converter/analog-to-digital converter (ADC) block 208. The
downconverter/ADC block 208 frequency-down-converts
the combined signal to an intermediate frequency (IF) or
baseband analog signal, and then further converts the analog
combined signal to composite signal digital samples z,,. The
composite signal digital samples z, are also referred to herein
as a composite digital signal z, or a digital representation of
the composite signal. The composite digital signal z,, is com-
posed of consecutive digital samples grouped into a plurality
of blocks or frames. The manner in which a digital signal
and/or samples are generated via digital sampling is well
known in the art. Thus, a detailed discussion is omitted for the
sake of brevity.
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The downconverter/ ADC block 208 outputs the composite
digital signal z, to the interference cancellation block 224 and
a satellite signal decoder 2102.

The satellite signal decoder 2102 decodes the composite
digital signal 7, to extract the payload data SAT_SIG_PAY-
LOAD. The satellite signal decoder 2102 outputs the payload
data SAT_SIG_PAYLOAD to the terrestrial transmitter 222
and the interference cancellation block 224. The interference
cancellation block 224 will be discussed in more detail later.

Returning to FIG. 4, at step S405, the terrestrial transmitter
222 generates the reference terrestrial signal y(t) to be trans-
mitted based on the payload data SAT_SIG_PAYLOAD from
the satellite receiver 102.

In more detail, at step S405 the modulator 2104 modulates
the payload data SAT_SIG_PAYLOAD from the satellite sig-
nal decoder 2102 to generate digital samples
Ysur stc_pavroap including the payload data SAT_SIG_
PAYLOAD. In one example, the modulator 2104 modulates
the payload data SAT_SIG_PAYLOAD using orthogonal fre-
quency division multiplexing (OFDM) as is well-known in
the art. A digital-to-analog converter (DAC)/upconverter 212
then converts the digital samples Ysy7 sic_piyzosp 100 an
analog signal and frequency upconverts the analog signal to
an RF signal. In this case, the RF signal is the reference
terrestrial signal y(t) to be transmitted from the terrestrial
transmitter antenna 2220 once the transmission power of the
terrestrial transmitter is increased (e.g., in subsequent itera-
tions of the process shown in FIG. 4).

A high power amplifier (HPA) 214 amplifies the reference
terrestrial signal y(t) from the DAC/upconverter 212, and the
amplified reference terrestrial signal y(t) is output to the ter-
restrial transmitter antenna 2220 for transmission.

A coupler 220 obtains feedback of the reference terrestrial
signal y(1), and outputs the obtained feedback to a downcon-
verter/ADC 218. The downconverter/ADC 218 downcon-
verts the reference terrestrial signal y(t) to an IF or baseband
analog signal. The downconverter/ADC 218 also digitizes the
reference terrestrial signal y(t) to generate a reference terres-
trial digital signal y,,. The reference terrestrial digital signal y,,
is a digital copy or representation of the reference terrestrial
signal y(t) to be transmitted by the terrestrial transmitter 222.
In some instances, the reference terrestrial digital signal y,,
may be referred to as a digital representation of the reference
terrestrial signal y(t). Similar to the composite digital signal
7,,, the reference terrestrial digital signal y,, is also composed
of consecutive digital samples grouped into blocks or frames.
The downconverter/ADC 218 outputs the reference terrestrial
digital signal y,, to the satellite receiver 102. More specifi-
cally, the downconverter/ADC 218 outputs the reference ter-
restrial digital signal y,, to the interference cancellation block
224 at the satellite receiver 102.

As mentioned above, the interference cancellation block
224 also receives the composite digital signal z, from the
downconverter/ADC 208 and the payload data SAY_SIG_
PAYLOAD from the satellite signal decoder 2102.

Still referring to FIG. 4, at step S406 the interference can-
cellation block 224 generates interference cancellation signal
Vzs7{t) based on composite digital signal z,, the reference
terrestrial digital signal y,,, and the payload data SAT_SIG_
PAYLOAD. The interference cancellation signal y.¢,{t) is a
modified version of the reference terrestrial signal y(t) trans-
mitted by the terrestrial transmitter antenna 2220. More spe-
cifically, the interference cancellation signal yz.{t) is an
opposite phase estimate of the terrestrial signal y(t) received
at the satellite receiver 102; that is, approximately —-y(t). In
this example, the interference cancellation signal y.{t) is
substantially equal to, but has a phase opposite to, the terres-
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trial signal y(t). The interference cancellation block 224 out-
puts the interference cancellation signal y.¢{(t) to the com-
biner 204 such that the terrestrial signal component of the
composite signal z(t) is suppressed at the satellite receiver
102. Thus, the output from the combiner 204 includes the
satellite signal portion x(t) with suppressed (e.g., little or no)
interference resulting from signals transmitted by the terres-
trial transmitter 222, even as the output power of the terres-
trial transmitter 222 is increased. Generation of the interfer-
ence cancellation signal y..{t) will be described in more
detail later with regard to FIG. 3.

At step S410, the terrestrial transmitter 222 increases the
transmission (output) power P, of the reference terrestrial
signal y(t) by an incremental amount. In one example, the
terrestrial transmitter 222 increases the output power P of
the reference terrestrial signal y(t) by about 0.1 dB.

At step S412, the terrestrial transmitter 222 determines
whether the current transmission power P, has reached a
given, desired or predetermined transmission power level P,
by comparing the current transmission power P ., with the
transmission power level P, The transmission power level
P, may be determined by a network operator according to
empirical data. In one example, the transmission power level
P, may be about 100 W. If the current transmission power
Pzx 1s greater than or equal to the transmission power level
P4, then the process shown in FIG. 4 terminates.

Returning to step S412 in FIG. 4, if the current transmis-
sion power P is less than the transmission power level P,
then the terrestrial transmitter 222 transmits the reference
terrestrial signal y(t) with the increased transmission power
P,z at step S414.

The process then returns to step S404.

In the initial iteration of the process shown in FIG. 4, the
transmission power of the reference terrestrial signal y(t) is
set to zero. A second iteration of the process shown in FIG. 4
where the transmission power P is greater than zero will
now be described for the sake of clarity. The second and
subsequent iterations of the process shown in FIG. 4 are
similar to the initial iteration discussed above, except with
regard to step S404. Thus, only step S404 of the second
iteration will be described in detail here.

Referring still to FIGS. 2 and 4, in this subsequent iteration
the reference terrestrial signal y(t) has an output power that is
greater than zero.

At step S404, the satellite receiver 102 processes the
received composite OTA signal z(t) and extracts the satellite
information (e.g., payload data) SAT_SIG_PAYLOAD.

In more detail, for example, the RF filter 202 filters the
composite OTA signal z(t) to remove out of band noise and
other interference. The combiner 204 then sums the filtered
composite OTA signal z(t) with the interference cancellation
signal y-.7(t) output from the interference cancellation block
224. In this iteration, the terrestrial cancellation signal y z¢(t)
is substantially equal to, but has a phase opposite to, the
reference terrestrial signal y(t). Thus, the terrestrial signal
component of the composite OTA signal z(t) is substantially
cancelled from the composite OTA signal z(t). The combiner
204 outputs the remainder of the composite OTA signal z(t) to
the low noise amplifier (LNA) 206, and the process continues
in the manner discussed above.

According to at least some example embodiments, because
the power of the reference terrestrial signal y(t) is relatively
low at the start, the received satellite signal x(t) is strong
enough for the satellite signal decoder 2102 to continue to
extract satellite information from the received satellite signal

x(1).
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The combiner 204 is able to suppress interference caused
by signals transmitted by the terrestrial transmitter 222 from
the composite OTA signal z(t) received at the satellite receiver
102. As a result, satellite information carried by the satellite
signal x(t) may be extracted from the composite digital signal
7,, even as the signal power of the reference terrestrial signal
y(t) at the terrestrial transmitter antenna 2220 increases.
Therefore, the satellite signal decoder 2102 continues to
extract satellite information from the satellite signal x(t)
regardless, or independent, of the signal power of the terres-
trial signal component of the composite signal z(t) at the
satellite receiver 102.

As mentioned above, the process shown and described with
regard to FIG. 4 may be repeated iteratively until the trans-
mission power P, of the reference terrestrial signal y(t) at
the terrestrial transmitter 222 reaches the transmission power
threshold P ;.

The generation of the interference cancellation signal by
the interference cancellation block 224 will now be described
in more detail with regard to FIG. 3.

As mentioned above, FIG. 3 is a block diagram illustrating
an example embodiment of the interference cancellation
block 224 shown in FIG. 2 in more detail. As also mentioned
above, the interference cancellation block 224 receives the
composite digital signal z,, from the downconverter/ADC 208
shown in FIG. 2, the reference terrestrial digital signal y,, from
the terrestrial transmitter 222, and the payload data
SAT _SIG_PAYLOAD from the decoder 2102. The interfer-
ence cancellation block 224 generates the interference can-
cellation signal y.¢.{(t) based on the digital signals z, and y,,
and the payload data SAT_SIG_PAYLOAD.

In more detail, the interference cancellation block 224
includes a satellite signal reconstruction block 2248. The
satellite signal reconstruction block 2248 generates a recon-
structed satellite digital signal x,,_,,, based on the payload
data SAT_SIG_PAYLOAD. In one example, the satellite sig-
nal reconstruction block 2248 generates the reconstructed
satellite digital signal x,,_,,, by modulating the payload data
SAT_SIG_PAYLOAD using, for example, quadrature-phase-
shift-keying (QPSK). The reconstructed satellite digital sig-
is a reconstructed version of a digital copy of the
satellite signal x(t). The satellite signal reconstruction block
2248 outputs the reconstructed satellite digital signal x,,,._,, to
combiner 2238.

The combiner 2238 combines the reconstructed satellite
digital signal x,..,,, with the composite digital signal z,, from
the downconvertet/ADC 208. Specifically, the combiner
2238 subtracts the reconstructed satellite digital signal x,......,,
from the composite digital signal z, to generate a terrestrial
component of the composite digital signal z,,. In this example,
the terrestrial component of the composite digital signal z,,
represents the remaining portion of the terrestrial signal y(t)
not canceled from the composite signal z(t) at the combiner
204.

Still referring to FIG. 3, the combiner 2238 outputs the
terrestrial component of the composite digital signal z,, to the
buffer 2240. The interference cancellation block 224 stores a
plurality of blocks of samples of the terrestrial component of
the composite digital signal z,, in the buffer 2240.

The interference cancellation block 224 also stores a block
(e.g., current block) of samples of the reference terrestrial
digital signal y,, from the terrestrial transmitter in the refer-
ence frame buffer 2242. The reference terrestrial digital sig-
nal y,, is a digital signal representing the reference terrestrial
signal y(t). According to at least one example embodiment,
the reference frame buffer 2242 may have the capacity to
store 1 or 2 blocks of samples of the reference terrestrial
digital signal y,,.
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Still referring to FIG. 3, the detector 2244 estimates a time
delay At and frequency offset Af (e.g., channel characteris-
tics) between the transmission and reception of the reference
terrestrial signal y(t) at the satellite receiver 102 based on at
least one block of samples from the reference frame buffer
2242 and the blocks of samples from the buffer 2240. An
example process for estimating the time delay At and fre-
quency offset Af is described in detail in U.S. Patent Appli-
cation Publication No. 2010/0008458 to H. Jiang et al. For the
sake of clarity, an example process will be described below.
The estimated time delay At and frequency offset Af are
output to the cancellation signal generation block 2246.

The cancellation signal generation block 2246 generates
the interference cancellation signal y o{(t) based on the block
of samples of the reference terrestrial digital signal y,, stored
in the reference frame buffer 2242, but with appropriately
adjusted timing, phase and amplitude. B

An example method for estimating time delay At and fre-
quency offset Af will now be described. In this example
embodiment, the method is performed at the detector 2244 in
FIG. 3. The method will be described, for the sake of clarity,
with regard to an example situation in which the only distor-
tion in the received OTA signal are actual time delay At,
frequency offset Af and Gaussian noise. In this example, the
received terrestrial signal is denoted y (), whereas the trans-
mitted terrestrial signal is denoted y ().

Yrxl)=VPy (=AM 3(7) n

In Equation (1), P is the power of the received terrestrial
signal y.(t) relative to the transmission power of the trans-
mitted terrestrial signal y (t), and w(t) is the Gaussian noise.
The actual time delay At represents the round trip delay
(RTD) of the signal traveling from the terrestrial transmitter
222 to the satellite receiver antenna 201. The actual frequency
offset Af is a result of the Doppler effect due to satellite
motion.

Assuming that the time delay At is an integer multiple of
sample duration T, each received sample yy ,, is given by
Equation (2) shown below. B

@

In the above equation, M is an additional delay with respect to
the nominal delay D, expressed as a number of samples. The
additional delay M is related to the time delay At and given by
Equation (3) shown below.

YRX n :‘/PV TXn—M'eznAﬁ"'(Dn

®

In Equation (3), M represents the instantaneous variation
of the time offset with respect to the nominal offset D.

In estimating time delay and frequency offset, the detector
2244 calculates a correlation C,, between a stored block of
samples from reference frame buffer 2242 and the stored
blocks of samples from buffer 2240. Each block of samples
includes the same number of samples—namely N samples.
The number N may be determined based on empirical data at
a network controller.

The detector 2244 calculates the correlation C, between the
block of samples from the reference frame buffer 2242 and
each of the blocks of samples from the buffer 2240 according
to Equation (4) shown below.

*

In Equation (4), the “y,,,” notation represents the samples
from the reference frame buffer 2242 and the ‘yy,,,” notation
represents the samples from the buffer 2240. The notation ( )*
represents complex conjugate, and q is a parameter that indi-

Ci ™ ™ Yrsur V10 ™ Wrtnrirg Vrnsg) )
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cates the distance between the samples represented by Yz x;,.x
and yy+,, and respective samples y ., and ¥y ,,. According
to example embodiments, parameter q determines the accu-
racy of the frequency offset estimate. The larger q becomes,
the more accurate the estimate becomes. The value of q may
be determined experimentally for a given accuracy require-
ment. Typically, g may be on the order of between about 10N
to about 100N. A correlation is computed for each block of
received samples in the buffer 2240, which are indexed by
k=0, 1,2, ..., K.

According to example embodiments, a single correlation
C, given by Equation (4) is used to estimate both time delay
and frequency offset between signals. The estimate of the
time delay At is obtained by maximizing the amplitude of
correlation C, over index k=0, 1, £2, . . ., K. That is, the
time delay is estimated by identifying the index k associated
with the maximum correlation value C,. As discussed herein,
the maximum correlation value is referred to as C, and the
index k associated with the maximum correlation C, is
referred to as k,, ... In this example, k,, .. represents a location
of'the block of samples associated with the maximum corre-
lation within a plurality of blocks of samples from the buffer
2240.

In one example, identification of the maximum correlation
C, may be regarded as searching within a given or desired
search window [-K, K], for some K>0 as represented by
Equation (5) shown below.

ICy,,,.|=max{|C;,~K=ksK} ©)

The estimated time delay At is then calculated based on the
index k___ associated with the maximum correlation value

max

C,,. s shown below in Equation (6).

Ar=(D+k,,, )T (6)

Asnoted above, D is the nominal delay and T is the sample
duration. Stated another way, the estimated time delay At may
be calculated as a function of the index k,,,., the nominal
delay D and the sample duration T.

According to example embodiments, the estimated time
delay At given by Equation (6) is valid when the condition
given by Equation (7) is met.

(D-K)T=Ar=<(D+K)T M

Consequently, in choosing the search window [-K, K], the
values of D and K are chosen such that condition (7) is
satisfied. The search window [-K, K] may be selected auto-
matically or by a human network operator based on empirical
data.

The frequency offset is also estimated based on the maxi-
mum correlation value C, . In more detail, the frequency
offset is estimated based on the phase of the maximum cor-
relation value C, ; that is, the correlation value C, evaluated
at the index kma):ax 3

The estimated frequency offset Af between the transmitted
and received terrestrial signals is given by Equation (8) shown
below.

AT = L ar(c ®
f—marg( max)

As noted above, q is a parameter indicating a distance
between pairs of samples and T is the sample duration used in
generating the samples. The value arg(C,. ) is the phase of
the correlation C, evaluated atk,,, ... Because computation of

the phase of a complex number is well known in the art, only
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abrief discussion will be provided. In one example, arg(C, )
may be computed according to Equation (9) shown below:

arctan( e ) ]
Re(Chpg)

In Equation (9), Im(C,)is the imaginary part of complex
number C,. , and Re(C;, ) is the real part of the complex
number C;

According to example embodiments, the estimated time
delay At and frequency offset Af are used in the cancellation
signal generation block 2246 to adjust the time and frequency
of the reference terrestrial signal y(t) in order to generate the
cancellation signal yz¢,{t). The cancellation signal genera-
tion block 2246 is designed to adjust for the time delay and
frequency offsets such that At=D-T and Af=0 in the steady
state.

Still referring to FIG. 3, the cancellation signal generation
block 2246 determines the amplitude A of the cancellation
signal y.,{t) by examining the errors after having properly
adjusted the cancellation signal y..{(t) for timing and fre-
quency offset. Because the manner in which the cancellation
signal generation block 2246 determines the amplitude A is
well-known, a detailed discussion is omitted.

FIG. 5 is a system block diagram illustrating a satellite
receiver and terrestrial transmitter according to another
example embodiment. The example embodiment shown in
FIG. 5 will be described (and may be implemented) in con-
junction with a DVB-SH network.

The example embodiment shown in FIG. 5 is similar to the
example embodiment shown in FIG. 2, and thus, only difter-
ences between the embodiments will be described herein.

In the example embodiment shown in FIG. 5, the payload
data carried by the terrestrial signal y(t) transmitted by the
terrestrial transmitter 222 is not extracted from the satellite
signal by the satellite signal decoder 2102. Instead, the pay-
load data carried by the terrestrial signal y(t), which is
denoted “TER_SIG_PAYLOAD” in FIG. 5, is provided by an
auxiliary network 510. The auxiliary network 510 may be any
suitable backhaul network (e.g., Ethernet, fiber optic, etc.).

Rather than extracting payload data SAT_SIG_PAYLOAD
as in the example embodiment shown in FIG. 2, in the
example embodiment shown in FIG. 5 the satellite informa-
tion extracted by the satellite signal decoder 2102 is required
satellite information REQ_SAT_INFO. In one example, the
required satellite information REQ_SAT INFO is the time
delay At and frequency offset Af (channel characteristics)
needed by the terrestrial transmitter 222 to modulate the
terrestrial signal payload data TER_SIG_PAYLOAD from
the auxiliary network 510.

The satellite signal decoder 2102 outputs the required sat-
ellite information REQ_SAT_INFO to the modulator 2104 of
the terrestrial transmitter 222, which then modulates the pay-
load data TER_SIG_PAYLOAD accordingly to generate
digital samples Y;zr <76 payzoap 1he example embodi-
ment shown in FIG. 5 then functions as discussed above with
regard to FIG. 2, except with regard to the digital samples

®

y TER_SIG_PAYLOAD" . . .
In the example embodiment shown in FIG. 5, the interfer-

ence cancellation block 224 generates the cancellation signal
Vzs7{t) as discussed above with regard to, for example, FIG. 3.
The interference cancellation block 224 operates in substan-
tially the same manner as described above, except that the
required satellite information REQ_SAT_INFO is input to
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the satellite signal reconstruction block 2248, rather than the
payload data SAT_SIG_PAYLOAD.

According to at least some example embodiments, infor-
mation regarding the satellite signal, which is required by the
terrestrial transmitter, may be obtained from the satellite sig-
nal at the location of the terrestrial transmitter. Advanta-
geously, in accordance with at least some example embodi-
ments, this information need not be transmitted by another
(e.g., auxiliary) transmission network and the required infor-
mation may be obtained more accurately.

The foregoing description of example embodiments has
been provided for purposes of illustration and description. It
is not intended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular example
embodiment are generally not limited to that particular
embodiment, but, where applicable, are interchangeable and
can beused in a selected embodiment, even if not specifically
shown or described. The same may also be varied in many
ways. Such variations are not to be regarded as a departure
from the disclosure, and all such modifications are intended to
be included within the scope of the disclosure.

What is claimed is:

1. A method for cancelling interference caused by a terres-
trial transmitter at a satellite receiver in a hybrid satellite-
terrestrial network, the method comprising:

modulating payload data including multimedia content,

the payload data being part of satellite information
obtained from a satellite signal component of a received
over-the-air (OTA) signal;

generating a reference terrestrial signal based on the modu-

lated payload data;

generating, at the satellite receiver, an interference cancel-

lation signal based on the reference terrestrial signal and
the received OTA signal, the interference cancellation
signal being a modified version of the reference terres-
trial signal; and

cancelling, at the satellite receiver, the interference caused

by the terrestrial transmitter by combining the interfer-
ence cancellation signal with the received OTA signal.

2. The method of claim 1, wherein the generating the
interference cancelation signal comprises:

adjusting channel characteristics of the reference terrestrial

signal to generate the interference cancellation signal.

3. The method of claim 2, wherein the channel character-
istics include at least one of frequency, timing and amplitude.

4. The method of claim 1, wherein the reference terrestrial
signal is generated by the terrestrial transmitter.

5. The method of claim 1, wherein the satellite information
further includes channel characteristics for the satellite signal
component.

6. The method of claim 5, wherein the channel character-
istics include frequency and timing offset information for the
satellite signal component.

7. The method of claim 1, wherein

the satellite information further includes channel charac-

teristics; and the modulating further includes
modulating the payload data including the multimedia
content based on the channel characteristics.

8. The method of claim 1, wherein the generating the
interference cancelation signal comprises:

obtaining the satellite information from the satellite signal

component of the received OTA signal;

generating a reconstructed satellite digital signal based on

the satellite information;

combining the reconstructed satellite digital signal with a

digital representation of the received OTA signal to
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obtain a terrestrial digital signal component of the digital
representation of the received OTA signal;

detecting channel characteristics associated with the refer-

ence terrestrial signal based on the terrestrial digital
signal component and a digital representation of the
reference terrestrial signal; and

generating the interference cancellation signal based on the

detected channel characteristics.
9. The method of claim 8, wherein the channel character-
istics include at least time delay and frequency offset between
transmission and reception of the reference terrestrial signal
at the satellite receiver.
10. The method of claim 1, wherein the interference can-
cellation signal is a signal that is substantially equal to, but
opposite in phase from, the reference terrestrial signal.
11. The method of claim 1, wherein the satellite signal
component of the received OTA signal and the reference
terrestrial signal carry the same data.
12. A method for cancelling interference caused by a ter-
restrial transmitter at a satellite receiver in a hybrid satellite-
terrestrial network, the method comprising:
generating, at the satellite receiver, an interference cancel-
lation signal based on a reference terrestrial signal from
the terrestrial transmitter and a received over-the-air
(OTA) signal, the interference cancellation signal being
a modified version of the reference terrestrial signal;

cancelling, at the satellite receiver, the interference caused
by the terrestrial transmitter by combining the interfer-
ence cancellation signal with the received OTA signal;

increasing a transmission power of the reference terrestrial
signal;

comparing the transmission power of the reference terres-

trial signal with a transmission power level; and
determining whether to transmit the reference terrestrial
signal based on the comparing step.

13. The method of claim 12, wherein the reference terres-
trial signal is transmitted if the increased transmission power
is less than the transmission power level.

14. A satellite receiver comprising:

an interference cancellation block configured to generate

an interference cancellation signal based on a reference
terrestrial signal from a terrestrial transmitter and a
received over-the-air (OTA) signal, the interference can-
celation signal being a modified version of the reference
terrestrial signal;

a first combiner configured to combine the interference

cancellation signal with the received OTA signal to can-
cel interference caused by the terrestrial transmitter in a
hybrid satellite-terrestrial network; and

a satellite signal decoder configured to obtain satellite

information from a satellite signal component of the

received OTA signal; wherein

the satellite information is payload data including mul-
timedia content,

the payload data is modulated, and

the reference terrestrial signal is generated based on the
modulated payload data.

15. The satellite receiver of claim 14, wherein the interfer-
ence cancellation block is configured to adjust channel char-
acteristics of the reference terrestrial signal to generate the
interference cancellation signal.

16. The satellite receiver of claim 14, wherein the reference
terrestrial signal is generated by the terrestrial transmitter.

17. The satellite receiver of claim 14, wherein the satellite
information further includes channel characteristics for the
satellite signal component.
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18. The satellite receiver of claim 14, wherein
the interference cancellation block includes,

a reconstruction block configured to generate a recon-
structed satellite digital signal based on the satellite
information,

a second combiner configured to combine the recon-
structed satellite digital signal with a digital represen-
tation of the received OTA signal to obtain a terrestrial
digital signal component of the digital representation
of the received OTA signal,

a detector configured to detect channel characteristics
associated with the reference terrestrial signal based
on the terrestrial digital signal component and a digi-
tal representation of the reference terrestrial signal,
and

an interference cancellation signal generation block
configured to generate the interference cancellation
signal based on the detected channel characteristics.

16

19. An interference cancellation system for a hybrid satel-

lite-terrestrial network, the system comprising:

a terrestrial transmitter configured to compare a transmis-
sion power of a reference terrestrial signal with a trans-
mission power level, and to transmit the reference ter-
restrial signal if the transmission power is less than the
transmission power level; and

a satellite receiver including,
an interference cancellation block configured to gener-

ate an interference cancellation signal based on the
reference terrestrial signal and a received over-the-air
(OTA) signal, the interference cancelation signal
being a modified version of the reference terrestrial
signal, and

a combiner configured to combine the interference cancel-
lation signal with the received OTA signal to cancel
interference caused by the terrestrial transmitter in the
hybrid satellite-terrestrial network.
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